[1] A new Lagrangian moisture source diagnostic is applied to identify the atmospheric conditions relevant for the fractionation of stable water isotopes during evaporation over the ocean and subsequent transport to Greenland. Northern Hemisphere winter months with positive and negative North Atlantic Oscillation (NAO) index are studied on the basis of ERA-40 reanalysis data. Diagnosed moisture transport conditions are supplied to a Rayleigh-type isotope fractionation model to derive estimates for the isotopic composition of stable isotopes in winter precipitation on the Greenland plateau for the two NAO phases. Because of changes in atmospheric circulation, moisture source locations for precipitation in Greenland vary strongly for different phases of the NAO. The mean source SST is $5.0 K warmer during negative NAO months compared to the positive phase. This signal is considerably stronger than what would result from interannual SST variability at a spatially fixed moisture source. Furthermore, moisture transport takes place at warmer temperatures during NAO negative conditions. Simulated average isotopic depletion of Greenland precipitation is less negative by 3.8 ± 6.8% for d
Introduction
[2] Stable water isotopes in precipitation are used as an observational method to gain understanding of the atmospheric hydrological cycle [Dansgaard, 1964; Rozanski et al., 1982] . During evaporation and condensation, heavy isotopes are preferentially enriched in the condensed phase. A precipitating air mass will be continuously depleted of heavy isotopes in the remaining water vapor. This atmospheric isotope fractionation process is also known as isotopic distillation. As isotopic distillation depends strongly on the air temperature (mainly due to the saturation vapor pressure, but also the temperature dependency of the fractionation factors), the level of isotopic depletion of water vapor and precipitation are testimony to its evaporation source and the transport conditions. More specifically, the influences on the isotopic composition of an air mass include the initial isotopic composition of the ocean water; temperature, humidity, and wind speed during evaporation, and after initial condensation also the air temperature evolution within the cloud [Craig and Gordon, 1965; Merlivat and Jouzel, 1979] . Additional processes, such as convection, mixing with ambient water vapor and evaporating precipitation can also alter the isotopic composition. The level of enrichment or depletion of stable water isotopes (HDO and H 2 18 O) is commonly expressed in the d notation, relative to Vienna standard mean ocean water. Values for dD and d
18
O (in %) close to zero are typical for ocean surface water. The average isotopic ratios measured in precipitation and water vapor are generally negative, lower for snow than for rain, and decrease with increasing latitude [Dansgaard, 1964; Rozanski et al., 1993] . Lowest values are observed at the polar ice caps [Jouzel et al., 1983; Fujita and Abe, 2006; Masson-Delmotte et al., 2008] .
Isotope Paleothermometer and the Role of the Moisture Sources
[3] One of the most important applications of stable isotopes in the water cycle is their use for the reconstruction of past climate variability, on interannual to multimillennial timescales. A primary tool for the paleoclimatic interpretation of stable isotope records is the empirical isotopetemperature (d -T) relationship established by Dansgaard [1964] . The climatological latitudinal (and annual mean temperature) gradient of stable isotopes in precipitation are thereby used for the reconstruction of the temperature changes during past climate shifts, such as glacial-interglacial cycles, from Greenland and Antarctic ice cores [Dansgaard et al., 1993; NorthGRIP Members, 2004; EPICA Community Members, 2004] .
[4] A major complication of the d -T relationship however is that Greenland temperature reconstructions for the last glacial maximum are %10 K warmer for stable isotope based reconstructions compared to bore hole temperatures [Cuffey et al., 1995; Cuffey and Clow, 1997; Dahl-Jensen et al., 1998 ]. The same also holds true for abrupt temperature changes in the past [Masson-Delmotte et al., 2006, and references therein] . Hypotheses put forward to reconcile this discrepancy suggest changes in the precipitation seasonality [Steig et al., 1994; Krinner et al., 1997; Krinner and Werner, 2003] , in the surface inversion above Greenland Hoffmann et al., 2000] , or in ice sheet elevation [Johnsen et al., 1995] . Several studies in addition point to the potential of moisture source changes and, therefore, changes in sea surface temperature (SST) during evaporation, and the initial isotopic composition for resolving this discrepancy Boyle, 1997; Masson-Delmotte et al., 2005a] .
[5] A second-order isotope parameter which is often used to gain information on the moisture source conditions is the Deuterium excess (d excess). The d excess is defined as the deviation of the relative fractionation strength of d
18
O and dD from the value that would be achieved under equilibrium conditions (d = dD À 8 Á d
18 O [Dansgaard, 1964] ). It is a measure for so-called kinetic effects or nonequilibrium fractionation, which are caused by the different molecular diffusivities of the HDO and H 2 18 O molecules. Nonequilibrium fractionation is thought to mainly take place during evaporation (influenced by wind speeds and relative humidity (RH) directly above the ocean surface), but also in supersaturated mixed phase clouds, or during cloud droplet reevaporation [Dansgaard, 1964; Ciais and Jouzel, 1994; Jouzel et al., 2007] . Since the slope 8 in the definition of the d excess depends on the temperature during isotopic distillation, equilibrium fractionation can also induce changes in the d excess, in particular with regard to equilibrium fractionation factors for ice.
[6] The moisture sources of Greenland, and the associated source SSTs have been addressed in several previous studies. Using a simple isotope fractionation model, Johnsen et al. [1989] concluded that annual mean moisture sources for Greenland should be located at 35 -40°N with corresponding source region SSTs of $22 -26°C (but noting that colder source SST would exist during winter). Barlow et al. [1993] interpreted interannual variability in the d excess at Summit as a signal of SST variability at the moisture source at 30-40°N. White et al. [1997] assumed an annual mean moisture origin at a latitude band of 20-30°N, while Jouzel and Koster [1996] and Barlow et al. [1997] argued for more northerly, and therefore 5 -10 K colder moisture sources. For the winter season, the importance of midlatitude and polar moisture sources was also supported by tagging and isotope-tagging GCM studies [Charles et al., 1994; Werner et al., 2001] .
[7] While d excess is often used as an indicator of SST and RH at the moisture source [Jouzel and Merlivat, 1984; Johnsen et al., 1989; Barlow et al., 1993] , in light of recent insight into the variability of moisture source regions, it is increasingly recognized that moisture source changes (associated with changes in atmospheric circulation) could also exert an influence on the d excess [Masson-Delmotte et al., 2005a , 2005b . Hence, while the d excess appears to have a great potential for paleoclimate reconstructions, the interpretation of this parameter remains complex.
[8] For a full understanding, knowledge of all mechanisms influencing the d excess, as well as the deconvolution of influences from evaporation versus atmospheric transport are required. Part 1 of this paper series [Sodemann et al., 2008] (hereinafter referred to as SSW08) is the first attempt to diagnose Greenland's moisture sources during winter from reanalysis data. This provides the opportunity to directly investigate the influence of moisture source changes on stable isotope variability.
Interannual Variability of Stable Isotopes
[9] On seasonal to interannual timescales, stable isotope data from Greenland exhibit significant variability. The North Atlantic Oscillation (NAO) is an important (mainly atmospheric) mode of variability in the Northern Hemisphere (see SSW08 and references therein). For different winters, it is associated with marked changes in circulation, temperature, and precipitation over Greenland. NAO-induced variability is therefore apparent in the snow accumulation sequence of ice cores [Appenzeller et al., 1998a [Appenzeller et al., , 1998b Mosley-Thompson et al., 2005] , as well as to some extent in the (winter) stable isotope signals in firn and ice cores from central Greenland [Barlow et al., 1993 White et al., 1997] . The d excess also exhibits seasonal and interannual variability in Greenland firn and ice core records [Fischer et al., 1995; Hoffmann et al., 1998a] .
[10] Stable isotope records can be used to reconstruct time series of Greenland temperatures several centuries beyond the period of meteorological observations, for example as part of multiproxy reconstructions of the NAO [Vinther et al., 2003] . Even though the NAO explains about half of the atmospheric variability above Greenland during winter [van Loon and Rogers, 1978] , it only explains about $26% of the variance observed in (spatially limited) stable isotope records [Rogers et al., 1998; Vinther et al., 2003] . Vinther et al. [2006] found that the temperature record from several coastal Greenland stations can explain about 56% of the winter d
18 O variance in a set of 7 Greenland ice cores. Yet, the spatial coverage of Greenland ice core data is far from complete. Furthermore, it is currently not fully understood by which physical mechanisms the NAO imprints on the stable isotope signal in Greenland precipitation. A better understanding of the physical basis of the variability can have fundamental implications for the interpretation of signals of past climate variability observed in Greenland.
Stable Isotope Models
[11] All of the above prompts for a better understanding of stable isotope processes on short timescales that integrate to the climatological stable isotope record. To this end, isotope fractionation of HDO and H 2 18 O has been incorporated in models of various degrees of complexity. Isotope general circulation models (GCMs) comprise all known fractionation effects during phase changes to simulate stable water isotopes on a global scale [Joussaume et al., 1986; Hoffmann et al., 1998b; Schmidt, 1999; Noone and Simmonds, 2002] . The climatological mean isotopic composition of surface precipitation can be simulated successfully with these models. Apart from supporting the interpretation of stable water isotopes in ice cores and other observations, this allows also to use stable isotopes as a means to evaluate the realism of the water cycle in GCMs. Comparison to observed atmospheric variability on daily to monthly timescales is however not possible with such models. Ongoing efforts to address shorter timescales include GCM simulations nudged to atmospheric reanalysis data [Noone, 2006; G. Hoffmann, personal communication, 2007] ; and the development of mesoscale atmospheric models with isotope fractionation processes [Sturm et al., 2005] .
[12] Lagrangian models driven by meteorological (re)-analysis data offer the potential to simulate the isotopic composition of specific precipitation events. Lagrangian isotope models have long been used to calculate isotopic fractionation along idealized air mass trajectories for moisture transport to Antarctica and Greenland [Jouzel and Merlivat, 1984; Johnsen et al., 1989; Petit et al., 1991; Ciais and Jouzel, 1994; Ciais et al., 1995] . More recently, Lagrangian box models were applied to trajectories based on reanalysis data over Antarctica [Schlosser et al., 2004; Helsen et al., 2004 Helsen et al., , 2005 Helsen et al., , 2007 . So far, Lagrangian models have not been used with diagnosed moisture sources for Greenland. Information on the moisture source conditions are however crucial for initializing Lagrangian isotope models [Jouzel and Koster, 1996; Delmotte et al., 2000] .
[13] In this study, we attempt to model the mean isotopic composition of Greenland precipitation during winter from a large number of individual precipitation events. The model approach is based on conditions of isotopic fractionation during water vapor transport in the atmosphere, diagnosed from reanalysis data. We thereby aim to disentangle the factors which lead to the observed NAO variability of precipitation isotopes. For this purpose, we apply the Lagrangian moisture source and transport diagnostic in the same configuration as presented in part 1 (SSW08). As this study is based on reanalysis data, a direct comparison with present-day stable isotope observations from Greenland ice cores and snow pits can be conducted. Also, the high spatial resolution allows to identify the spatial pattern of the isotopic variability on the Greenland plateau, and to consider regions where currently no ice core data is available.
[14] In the remainder of this paper, we first extend the method of SSW08 to diagnose the conditions at the evaporation sites and during atmospheric transport of water vapor which are relevant for isotopic distillation (section 2). On the basis of the findings presented in section 3, we apply a Rayleigh-type Lagrangian isotopic fractionation model [Ciais and Jouzel, 1994] , using the diagnosed moisture transport conditions to predict the isotopic composition of the precipitation in Greenland (section 4). Key implications of the results are further discussed in section 5, and conclusions given in section 6.
Methods

Diagnosed Fractionation Conditions
[15] The conditions of isotopic distillation were extracted using the Lagrangian moisture transport diagnostic of SSW08. The same calculation setup as in SSW08 was used to diagnose the transport conditions of moisture on the way to Greenland along its atmospheric transport path. To this end, a large number of three-dimensional kinematic backward trajectories was calculated backward in time for 20 days from the location of the air mass above the Greenland ice sheet (defined here as the area above 2000 m a.s.l.). Calculations were carried out for 30 selected winter months from the ERA-40 period (1959 -2002) , of which 10 each had a pronounced positive, negative, and near-zero NAO index. For each precipitation event over the Greenland ice sheet, air parcels were traced at 6 h time resolution, starting at $6000 horizontally and vertically distributed locations within the air mass. Further details on the calculation setup are available in SSW08.
[16] All conditions concerning the moisture transport were extracted from ECMWF's ERA-40 reanalysis data halfway along 6 h trajectory segments. The respective conditions at this intermediate location at t + 3 h were linearly interpolated in time between t and t + 6 h. In addition to the parameters extracted for the study of SSW08 (latitude, longitude, pressure, potential temperature, specific humidity at the air parcel location), the following parameters were diagnosed here:
[17] 1. For the evaporation conditions, SST over water (skin temperature SKT over land), 2 m air temperature (T 2m ), RH, and 10 m wind velocity (U 10m ) at each moisture uptake location were diagnosed (Figure 1, label 1) . These parameters are typically used to characterize the evaporation conditions at the moisture source [Craig and Gordon, 1965; Merlivat and Jouzel, 1979] .
[18] 2. For the initial condensation conditions, the horizontal and vertical location, and the temperature (T cnd ) where clouds begin to form were recorded for each air parcel. This initial condensation was identified where an air parcel reached for the first time more than 80% RH after its last moisture uptake ( Figure 1, label 2) . The 80% threshold was adopted since the cloud parameterizations in the ECMWF model allow for subgrid-scale condensation and cloud formation above this threshold.
[19] 3. For the cloud arrival conditions, temperature (T arr ) and pressure (p arr ) of precipitating air parcels were extracted for each precipitation event above the Greenland ice sheet. Cloud structures may be represented by air parcels at several vertical levels. In addition, the 2 m air temperature at the corresponding surface location (T sfc ) was retrieved ( Figure 1, label 3) . In almost all cases, minimum saturation vapor pressure during transport was reached at the arrival location of the precipitating air parcel. This location is therefore considered as the terminal point of the isotopic distillation.
[20] All diagnosed parameters were then composited, weighted with the air parcel's contribution to precipitation in Greenland (see below). The absolute temperatures at which the isotopic distillation takes place (between T cnd and T arr ) strongly influence the fractionation via the corresponding saturation vapor pressure. In addition, the temperature range T dif = T arr À T cnd determines the extent of isotopic equilibrium fractionation in p -T space [Dansgaard, 1964; Jouzel et al., 1997] . The larger T dif , the more isotopic distillation can occur, and the more depleted will the final isotopic composition of the moisture be.
[21] As a caveat, note that the effects of vertical moisture redistribution due to convection and precipitation evaporation, as well as mixing with surrounding air are not captured by our methodology. On the basis of the moisture source attribution of SSW08, about 66% of the water vapor that contributed to Greenland precipitation could be assigned to specific evaporation areas. Convective moisture transport is not explicitly determined by their source attribution model. However, from the amount of moisture that was diagnosed as entering the air parcels above the boundary layer, SSW08 estimated this contribution to be in the order of 20%. For the remaining 14%, no definitive moisture source could be identified (SSW08).
Isotopic Fractionation From Diagnosed Parameters
[22] In order to estimate the isotopic composition of each precipitation event, the Mixed-Cloud Isotope Model (MCIM) [Ciais and Jouzel, 1994] was run with the diagnosed evaporation and fractionation conditions. MCIM is a zero-dimensional Rayleigh-type isotope model with parameterized mixed phase microphysical processes. MCIM calculates fractionation along an idealized p -T trajectory, based on specified evaporation and arrival temperatures. In the original standard setup, the condensation temperature is calculated by adiabatically lifting an air parcel from the sea surface to its lifting condensation level (LCL). Rayleigh fractionation is then calculated along a moist adiabat until the point (T arr , p arr ) is reached. Thereby, T arr is given by an empirical relation between temperatures inside the typically strong surface inversion in polar regions, and the free troposphere above (see Appendix A).
[23] In this study, isotope fractionation was calculated individually for each air parcel precipitating over Greenland, using the identified fractionation conditions. Fractionation was calculated in the respective diagnosed temperature range from T cnd to T arr . Consistency with the MCIM calculation procedure required a modified lapse rate and surface RH to be used, which led to an LCL that coincided with the diagnosed initial condensation conditions (see section 2.1). Figure 1 shows the MCIM fractionation trajectory (dashed red line) that corresponds to the diagnosed air parcel trajectory (blue line). For the initial isotopic composition, data from the ECHAM4 isotope GCM were used (see section 2.3 below). As a further modification to the standard MCIM setup, diagnosed cloud arrival temperatures T arr were directly supplied to MCIM. Otherwise, the same setup as described by Masson- Delmotte et al. [2005b] was applied (see Appendix A for a more detailed description of the modifications).
[24] The isotopic composition d arr of a particular 6-hourly precipitation event at a certain location on the calculation grid over Greenland with precipitation P arr was calculated as a weighted average from all contributing moisture sources on all relevant levels of the troposphere. More specifically, the contribution d arr j of one air parcel with precipitation P j , if associated with N moisture sources, was calculated as the composite of each source's contribution d i , weighted by the respective contribution factors f i (SSW08):
Similarly, the contributions from all M air parcels in an atmospheric column that contribute to P arr were averaged to obtain the isotopic composition d arr of a 6-hourly precipitation event at a specific site:
whereby P M j¼1 P j = P arr . This procedure was performed every 6 hours, separately for all locations with precipitation on the calculation grid over the Greenland plateau (SSW08, Figure 2) . Mean fields were then calculated both for the 30 individual months and for the NAO+ and NAOÀ phases, using the same averaging as in equation (2).
Initialization With GCM Isotope Data
[25] A crucial problem of Lagrangian Rayleigh fractionation models concerns the initial isotopic composition of the water vapor at the evaporation site. Lacking directly measured isotopic composition of evaporating water vapor at sufficient spatial resolution, Merlivat and Jouzel [1979] used a global closure equation for the original MCIM model. Jouzel and Koster [1996] showed this global closure to be inconsistent with observations. Instead, they recommended to use the stable isotope composition at the lowest layer of isotope GCMs as initial values for Lagrangian isotope models. This was also confirmed in a study comparing MCIM simulations initialized with the global closure equation and surface vapor from an isotope GCM for coastal Antarctica [Delmotte et al., 2000] .
[26] Therefore, in addition to evaporation parameters at the moisture sources, we retrieved the corresponding isotopic composition of the surface vapor from a simulation with the ECHAM4 isotope GCM [Hoffmann et al., 1998b; Werner et al., 2001] . Gridded 2°Â 2°monthly mean data were acquired from the SWING database (SWING database accessed in November 2005 at http://atoc.colorado.edu/ $dcn/SWING/index.php) for the required months. We used a simulation of present-day conditions from the ECHAM4 isotope GCM, which covers a 134-year period driven by the monthly HadISST data V1.1 at T159L30 resolution (experiment S1B). The HadISST data is based on monthly observations and hence contains realistic interannual variability [Rayner et al., 2003] . In general, despite a small warm bias in Greenland surface temperatures, ECHAM4 simulates a reasonable annual mean level of stable isotopes and a realistic seasonal amplitude (G. Hoffmann, personal communication, 2007) . Isotopic fractionation during evaporation in the ECHAM4 isotope GCM depends on local conditions for air temperature, RH, surface winds, and SST according to a linear resistance model [Craig and Gordon, 1965; Hoffmann et al., 2000] . We extracted the isotopic composition (dD, d
18 O) in the lowest model layer at each diagnosed moisture source location ( Figure 1, label 1) . The isotope values of the surface vapor were then supplied as initial conditions to the MCIM isotope fractionation model, as described in the previous section.
Comparison With Stable Isotope Observations From Greenland
[27] In order to relate the modeled isotope values to in situ observations, a comparison with stable isotope data from sites in southern central Greenland was carried out. Three periods were considered where (1) trajectories had been calculated for at least two consecutive months from a winter season (DJF) and (2) ice core data with sufficiently high temporal resolution were readily available. It was essential to choose ice core data from an area with sufficiently high accumulation to resolve winter rather than annual mean conditions.
[28] On the basis of these criteria, the Alphabet drilling sites [Clausen et al., 1988] were selected. The shallow Alphabet cores were drilled in an inverse L-shaped array southeast of the drilling site Crête in central .62°W, 3018 -3138 m a.s.l.). Distances between cores were about 30-80 km, and the annual mean d
18
O value was À34.1 ± 1.0% [Clausen et al., 1988] . Winter season isotope signals were calculated from an average of the back-diffused d
18 O values [Johnsen et al., 2000] of five cores (A, B, D, E, and G). Fischer et al. [1995] estimated that 50-60% of the annual accumulation in the area is deposited during the winter half year. Here, winter was defined as 35% of the annual accumulation, centered around the lowest d
O value. Significant differences exist between the five cores, with a mean winter difference of 1.27%, and a signal-to-noise ratio of 0.52 for the seasonal d 18 O.
[29] The chosen winter periods were 1968/1969 and 1983/1984 (2 months each) and 1964/1965 (3 months) . Data for winter 1983/1984 was not covered by the shallow cores and therefore taken from nearby snow pit data. Postdepositional diffusion smoothes out the high-frequency variability from the ice core data which would be present in precipitation data (and, to a lesser degree, in snow pit data). The ice core data (typically 1 -2 data points per ice core and winter) were compared with a seasonal average of the modeling results for 9 grid points of the trajectory calculation grid which are within a range of 50 km from the drilling sites.
Diagnosed Fractionation Conditions
[30] The fractionation conditions that result from the Lagrangian moisture diagnostic are presented in the logical sequence of moisture transport: Evaporation conditions are shown first, followed by the initial condensation locations. Then the arrival conditions of the water vapor above the Greenland ice sheet are presented, as well as the corresponding temperature conditions at the surface.
Evaporation Conditions
[31] Figure 2a shows the mean SST in the North Atlantic for the 30 winter months considered. The overlaid contour lines mark the main moisture source areas for Greenland precipitation during the two NAO phases (SSW08). Figure 2a indicates qualitatively that the moisture source temperatures vary strongly with the NAO because of the shifted location of the main moisture source. The histogram of the moisture source temperatures (Figure 3a) shows the striking difference in the mean moisture source SST with $5.0 K warmer conditions during the NAOÀ phase (NAO+ mean and standard deviation: 5.0 ± 6.5°C, NAOÀ: 10.0 ± 6.7°C). During NAO+ conditions most moisture evaporates at SSTs below 8°C, while during the NAOÀ phase a considerable share of the moisture originates at SSTs above 12°C. Such strong SST changes within different winter months could not be induced by local SST variability alone.
[32] Figure 4a shows the regional differences in moisture source SST as Lagrangian forward projections (LFPs) onto the respective arrival locations at the Greenland plateau. The LFPs from the individual trajectories are weighted by their contribution to the local grid point precipitation. For the NAO+ phase, the precipitation at the fringe of the Greenland plateau evaporated on average at SSTs of 3 -6°C (Figure 4a , left). The higher interior of the plateau is associated with warmer source region SSTs (8 -11°C). During the NAOÀ phase instead, the moisture originating from the warmest ocean areas precipitates in the northeast (12 -15°C, Figure 4a , middle). More southerly areas are in this NAO phase associated with source SSTs of 9 -12°C. The shifted location of the area associated with warmest source region SSTs on the Greenland plateau could result from transport changes: relatively more short-range advection occurs during NAO+ months, while long-range transport is more frequent during NAOÀ months (SSW08). Hence, source region SST for the northeast of the plateau varies by $6 -10 K with the NAO. Most other areas experience only a shift of 2-6 K (Figure 4a, right) . NAO variability of the source SSTs is lowest for precipitation in the central western plateau ($2 K).
[33] The patterns of the source SST (Figure 4a ) resemble the distribution of source latitudes over the Greenland ice sheet (SSW08, Figure 9b ). For T 2m at the evaporation locations, the pattern is very similar to that of the SST, yet with an almost uniform negative offset of $3 K (not shown). Mean RH above the evaporation areas is 72.5 ± 9.5% for the NAO+ and 71.2 ± 9.5% for the NAOÀ phase. The LFP patterns for RH at the evaporation site are rather similar for the two NAO phases (not shown).
[34] Surface winds at the moisture sources are an important driver for evaporation, and can influence the d excess. During the NAO+ phase, 10 m wind velocities at the evaporation sites (U 10m , Figure 4b , left) are rather high for precipitation that falls along the east coast of Greenland (11-13 m s À1 ), and markedly lower (8 -10 m s À1 ) for precipitation at the west coast (overall mean 11.1 ± 4.7 m s À1 ). For the NAOÀ phase, mean evaporation winds are uniformly distributed and around 9.8 ± 4.0 m s À1 (Figure 4b , middle). The LFP patterns of U 10m are similar to the LFPs of the source longitudes (SSW08, Figure 8b ). The relatively higher wind velocities at the evaporation sites during the NAO+ phase probably reflect the concurrent higher storminess in the western North Atlantic. It remains however unclear why precipitation over the western plateau of Greenland is associated with lower evaporation wind speeds.
[35] We emphasize again that our findings for the winter season contrast to some extent with earlier studies that assumed a geographically fixed annual mean moisture source for Greenland (see discussion in SSW08). At least for the winter season, our results support the perspective obtained from several GCM studies that Greenland is associated with multiple geographically separated moisture sources [Schmidt et al., 2007] . This finding is also consistent with Holocene records of d excess from the GRIP and NorthGRIP ice cores [Masson-Delmotte et al., 2005a] . The spatial variability of moisture sources causes an interannual variability of moisture source SSTs during winter which is more pronounced than expected previously.
Initial Isotopic Composition
[36] Initial values for the isotopic fractionation of the water vapor are diagnosed from output of the ECHAM4 isotope GCM (see section 2.3). Figures 2b -2d show the mean stable isotope composition of water vapor at the lowest model level over the North Atlantic during the considered winter months. Values in the North Atlantic range between À85% to À150% for dD and À12% to À20% for d 18 O. These values directly result from the GCM parameterizations for isotopic fractionation during evaporation, but also from the mixing with ambient moisture in the model [Armengaud et al., 1998 ]. Both, dD and d
18
O exhibit a mainly meridional gradient across the North Atlantic, which is indicative of the strong influence of SST on these quantities (Figures 2b and 2c) . As with SST, the isotope gradient is weaker in the eastern North Atlantic. Mean surface values for d excess are in the range of $5-15% (Figure 2d ). The meridional d excess gradient is strongest in the western North Atlantic, and weakens toward the east. Both the surface water isotopes and the sea level pressure of the ECHAM4 simulation have almost no NAO variability for the considered winter months (not shown). Since the initial isotopic composition of the water vapor is mainly determined by the HadISST, we assume that the lacking atmospheric variability does not overly affect the surface values of dD and d
18 O. Analysis of the short-term variability of the surface variables in isotope GCMs could clarify to what extent this assumption is indeed justified [Hoffmann et al., 1998b] .
[37] Lagrangian forward projections of the diagnosed isotopic composition of the evaporating water vapor have patterns similar to the SST (Figures 4c and 4d ). This again demonstrates the control of SST over the isotopic composition close to the surface. For the NAO+ (NAOÀ) phase, mean initial values and standard deviations are À138 ± 23% (À124 ± 23%) for dD (D dD = 14.1%), and À18.4 ± 2.9% (À16.7 ± 2.8%) for d 18 O is strongest in the northeast of the Greenland plateau and along the southern ridge (Figures 4c and 4d, right) . Maximum vari- ability for the two isotopic species amounts to $20% and $3%, respectively.
[38] The d excess projected from the moisture sources to the arrival points over Greenland gives on average 8.6 ± 2.9% for the NAO+ phase and 9.2 ± 2.5% (Dd excess = 0.6%) for the NAOÀ phase (Figure 4e ). For the NAO+ phase, more spatial variability is apparent. The LFP pattern of d excess for the two NAO phases approximately shows an inverse relation to the evaporation wind speeds (Figure 4b ). This inverse relationship is particularly evident in the respective NAO variability plots (Figures 4b and 4e, right) . In addition, there is a weak positive correlation between the moisture source SST and the d excess LFP (not shown). The pronounced east-west gradient of U 10m and d excess across Greenland during the NAO+ phase could warrant further investigation, since higher surface winds are in general expected to be associated with higher d excess due to stronger kinetic effects. This is different in regions of strong air-sea humidity contrasts, such as the Mediterranean, where sea spray reduces the strong kinetic effects during evaporation, and therefore lowers the d excess [Gat et al., 2003] . As a caveat, we are aware that a direct comparison of SWING ECHAM4 data and ERA-40 data relies on the assumption that the evaporation conditions of the two data sets are at least roughly similar on a monthly timescale. This requirement to be fully met would however require ECHAM4 to be nudged with ERA-40 wind fields.
Initial Condensation Conditions
[39] Initial condensation (section 2.1) generally occurs north of the moisture source areas for the two NAO phases [Sodemann, 2006] . During both NAO phases a maximum of initial condensation is located at the southeastern slope of Greenland, probably in association with orographic cloud formation (not shown). During NAOÀ months, condensation occurs over a considerably broader area compared to the NAO+ months, which is in agreement with the more southeasterly moisture source regions during the negative phase.
[40] The histogram of the initial condensation temperatures for all precipitating air parcels shows a marked variability with the NAO (Figure 3b ): mean T cnd shifts from À2.2 ± 7.1°C for NAO+ to 3.8 ± 6.8°C for NAOÀ conditions (DT cnd = 6.0 K). Thereby, the distribution is shifted rather uniformly. This is the case despite the source area during the NAO+ phase being smaller, probably because condensation occurs in an area with a larger latitudinal air temperature gradient. Considering the LFPs of T cnd , regional mean values range between À3°C to 3°C for the NAO+ and 0°C to 8°C for the NAOÀ phase (Figure 5a ). The regional patterns of the forward projected T cnd are again similar to those of the SST (Figure 4a ) and the moisture source latitudes (SSW08). During the NAOÀ phase, anomalously cool T cnd are diagnosed in the northwest of the Greenland plateau (Figure 5a , middle), compared to the corresponding forward projection for SST. The average condensation pressure p cnd is $925 ± 61 hPa (corresponding to $1000 m a.s.l.) during both phases of the NAO (not shown).
Cloud Arrival Conditions
[41] Figure 3c shows a strong NAO dependence of the precipitating air parcels' arrival temperature in the clouds over Greenland (T arr ): while during NAO+ months the mean value is À22.2 ± 3.9°C, T arr shifts to on average 4.2 K warmer conditions during the NAOÀ phase (À18.0 ± 4.4°C). Again, the distribution is shifted rather uniformly. In both NAO phases, the pattern of T arr shows an influence of the Greenland orography (Figure 5b ): cooler arrival temperatures are found at higher regions, probably due to cloud formation at higher altitudes above sea level. The mean arrival pressure of the moisture above Greenland ($660 ± 64 hPa) is almost invariant with the NAO (not shown). However, cloud arrival temperatures are remarkably colder during the NAO+ phase (Figure 5b, left) . These colder arrival temperatures during NAO+ months correspond to colder midtropospheric temperatures in the Greenland area compared to the NAOÀ phase (not shown). Note that the joint shift of T cnd and T arr to warmer conditions during the NAOÀ phase (and vice versa) implies that isotope fractionation occurs in a different range of temperatures (from T cnd = À2.2 ± 7.1 to T arr = À22.2 ± 3.9°C for NAO+, from T cnd = 3.8 ± 6.8 to T arr = À18.0 ± 4.4°C for NAOÀ).
[42] The temperature difference T dif = T arr À T cnd reflects the temperature range over which isotopic fractionation takes place. The corresponding LFP (Figure 5c) shows that in the interior of the ice sheet T dif is larger than at the slope ($25°C versus $20°C). Interestingly, despite the very different evaporation, condensation, and arrival conditions, the range and regional distribution of T dif are quite similar for both NAO phases. The comparatively small NAO variability of T dif (mean shifts from 20.0 ± 7.1°C to 21.8 ± 7.1°C) hence suggests that the NAO variation of moisture source SST and midtropospheric temperatures over Greenland occur in phase. The histogram of the temperature difference (Figure 3d ) reveals that the highest values of T dif are more frequent during the NAOÀ phase. Therefore, the potential for intense fractionation should be somewhat larger during the NAOÀ phase. The corresponding NAO variability plot shows that this effect is strongest in the very northeast of the Greenland plateau (Figure 5c, right) .
Precipitation Temperatures
[43] The isotope-temperature relationship relates a mean surface temperature to the stable isotope composition of precipitation. Physically, however, the isotopic composition of precipitation is influenced by the cloud temperature during arrival, rather than mean surface temperature. In this section, we compare the temperature conditions at the surface and at cloud level during our study period.
[44] In comparison to typical monthly mean surface temperatures measured during winter on the Greenland ice sheet (e.g., $À33°C to À43°C at Summit [Shuman et al., 1996] ) the mean arrival temperatures of moisture above Greenland found here appear rather warm. However, our diagnosed T arr are recorded at cloud level, and only during precipitation events. While this is also the temperature that is relevant for the isotopic fractionation, it can be substantially different compared to monthly or seasonal mean temperatures, which are dominated by cold and dry conditions. During the advection of midlatitude disturbances, 2 m temperatures were observed to increase strongly near Summit, by as much as 20 K on a daily timescale [Loewe, 1936; Shuman et al., 1996] .
[45] To quantify the difference of our diagnosed arrival and surface temperatures to the winter mean conditions, ERA-40 2 m temperatures over the Greenland plateau are compared for all winter days and for days with precipitation only during the considered months ( Figure 6 ). The winter mean T sfc is À36.7 ± 5.7°C (À29.5 ± 5.4°C) during the NAO+ (NAOÀ) phase (Figure 6a ). Near the Summit region, the ERA-40 winter mean temperatures compare favorably with those reported by Shuman et al. [1996] . For precipitation events only, T sfc are considerably warmer (Figure 6b) . Here, the mean is À25.5 ± 4.3°C for the NAO+ and À20.3 ± 3.3°C for the NAOÀ phase. Over the central region of the plateau, the difference to mean conditions amounts to $14 K. The pattern of the T sfc increase during precipitation periods is very similar for the two NAO phases (Figure 6c ). An exception are the anomalously warm northern regions during NAOÀ months (see section 4.1).
[46] An additional reason for the warmer temperatures diagnosed here is that high-latitude boundary layers are typically dominated by a strong temperature inversion. During advection of moist and warm air the inversion layer is removed. It is not known how well the ERA-40 model simulates this inversion in high-latitude boundary layers.
[47] The temperature differences between mean and precipitation conditions emphasize that the temperatures which determine the extent of isotopic distillation at cloud level and on the synoptic timescale are substantially different from monthly or annual mean conditions at the surface. The importance of this finding for the d -T relationship is discussed in the next section.
Simulated Isotopic Composition of Greenland Precipitation
Results From MCIM
[48] The MCIM model was applied for calculating isotopic distillation of water vapor on the way from its source area to Greenland according to the diagnosed parameters as presented in the previous section. Figures 7a and 7b show the resulting dD and d
18
O in Greenland winter precipitation.
Mean isotope ratios are À187 ± 49% (À157 ± 48%) for dD and À23.8 ± 6.2% (À20.0 ± 5.9%) for d
O during the NAO+ (NAOÀ) phase (DdD = 30.5%, Dd 18 O = 3.8%). This is about twice the variability than in the initial isotopic composition at the water vapor source regions (section 3.2 and Figures 4c and 4d) . Isotopic NAO variability is rather uniform over the Greenland plateau (Figures 7a and 7b , right). The exception is again an area in the northeast of the plateau. There, isotopic depletion during NAOÀ months is very similar to, or even higher than during the NAO+ months. This anomaly is probably linked to the larger T dif (or fractionation potential) in this region (Figure 5c ).
[49] It is interesting to examine the simulated NAO variability of d
O in regions where deep ice cores have been retrieved previously. At a grid point near the drilling location of Dye-3 (65.18°N, 45.83°W) Dd 18 O = 3.71% are simulated. Near the central Greenland location Crête (71.12°N, 37.32°W) simulated NAO variability is relatively high (4.56%). Lower variability is detected at the sites GRIP (72.35°N 38.30°W) and NorthGRIP (75.10°N 42.32°W) with 2.12% and 3.53%, respectively. Near the future drilling site NEEM (77.50°N 50.90°W) reversed (À3.51%) NAO variability is simulated. It would be insightful to compare the simulated variability with actual data from these ice cores or nearby snow pits. In general, because of firn diffusion and postdeposition effects, the simulated isotope variability should be higher than diagnosed from observations [Johnsen, 1977; Cuffey and Steig, 1998; Bolzan and Pohoja, 2000] . Note also that the simulated variability gets increasingly uncertain with decreasing accumulation.
[50] The areas most suitable for NAO reconstructions from stable isotopes appear to be different from the areas which are best suited for NAO reconstructions from ice core accumulation records (SSW08). For reconstructions based on isotopes, in addition to a strong NAO variability of the isotopic composition itself, accumulation should be high during both, NAO+ and NAOÀ winters to facilitate the extraction of seasonal isotope data. Figures 7a and 7b suggest that areas particularly suitable for NAO reconstructions from stable isotopes are located south of 65°N, and in the central eastern Greenland plateau.
[51] The LFP pattern of the initial isotopic composition (Figures 4c and 4d) is completely overprinted by the isotopic fractionation during moisture transport. The patterns of dD and d
O in precipitation closely resemble those of the arrival temperature, also for the NAO variability plots (Figures 7a and 7b, right) . This suggests a strong imprint of the range of temperatures during fractionation, in particular the coldest occurring temperatures, on the final isotopic composition. If so, the NAO variability of stable isotope ratios in Greenland would reflect the corresponding atmospheric temperature anomalies in the North Atlantic region [van Loon and Rogers, 1978; Sodemann, 2006] . This is also suggested by a correlation of NAO phase mean modeled d
O with the moisture arrival temperature T arr (Figure 8a ). Data for both NAO phases spread along a regression line of $1.0% K
À1
. Minimum and maximum T arr are shifted by $4 -5 K for the two NAO phases. While this correlation argues for a strong imprint of T arr on the final isotopic composition, it does not exclude other possible influences (see section 5.2).
[52] When the d -T slope is calculated using the winter mean 2 m temperatures over Greenland from the ERA-40 data (not weighted with precipitation), the two regression slopes decrease differentially (Figure 8b ). Besides increased scatter, the NAO+ slope (0.13% K
) is only about 2/3 that of the NAOÀ slope (0.22% K
). In comparison with estimates for the d -T slope which are typically derived for annual mean values, our results are smaller than the global slope reported by Dansgaard [1964] ). Because of the large scatter, comparison of the slopes without considering the confidence intervals is however somewhat ambiguous. The different slopes for the NAO+ and NAOÀ months are due to changes in the precipitation distribution over the Greenland plateau with the NAO: the high-altitude areas receive less precipitation during NAO+ months, which in the monthly mean emphasizes the colder dry periods. Accordingly, the most depleted data points shift more strongly along the temperature axis than along the isotope axis. Hence, the submonthly precipitation pattern influences the spatial d -T slope. It may be conjectured that the precipitation seasonality influences the isotope-temperature relationship by similar processes [Steig et al., 1994; Jouzel et al., 1997; Krinner and Werner, 2003] .
[53] The d excess in precipitation during NAO+ months ranges on average between 1-6%, and shows a clear W -E gradient toward lower values over the Greenland plateau (Figure 7c ). During NAOÀ months, a similar range of values but with a more S-N oriented gradient is apparent. The mean shifts only by 0.6% from 3.1 ± 3.8% during NAO+ to 3.7 ± 3.3% during NAOÀ months. Regional changes can be as large as 3%, for instance in the NE of the plateau (Figure 7c, right) . Interestingly, the d excess increases with NAO index along the western edge of the [54] Compared to the initial composition of the water vapor, the simulated precipitation values of d excess are $6% lower, except for the south of Greenland, where the difference is weaker ($3%) (Figure 4e ). In the MCIM model the main influence on d excess during transport, and hence a possible explanation for the shift to lower d values, is the linear parameterization of kinetic fractionation effects related to ice supersaturation in mixed phase clouds [Ciais and Jouzel, 1994; Masson-Delmotte et al., 2005b] . The spatial pattern of d excess for the two NAO phases bears some resemblance with the initial values (Figure 4e) , in particular over the northern half of the Greenland ice sheet. This suggests that winter d excess variability could partly reflect the variability of the source regions, but one that does not directly translate into source region SST.
[55] Another influence on the d excess could originate from equilibrium fractionation, namely from transport at different temperature levels. The ratio of the equilibrium fractionation coefficients decreases slightly with increasing NAO phase, which also reduces the d excess. This is supported by idealized fractionation calculations using MCIM (Figure 9 ). Two sensitivity calculations were carried out over the same temperature range (20 K), but starting at 6.8 K displaced initial condensation temperatures: Curve A represents conditions similar to the mean NAO+ conditions as diagnosed here, while curve B exemplifies NAOÀ conditions. Despite identical initial d
18
O composition, curve B has an $2% higher isotope ratio at the end of the distillation pathway (Figure 9a ). The d excess takes a markedly different evolution in the two experiments ( Figure  9b ). In this example, the final d excess is about 0.8% lower for curve A (NAO+ case) than for curve B (NAOÀ case), as a result of equilibrium fractionation alone.
[56] The spatial heterogeneity of the simulated d excess in Figure 7c could at least partially be caused by different temperatures during moisture advection. It is possible that the systematically higher levels of present-day d excess observed in ice cores from the NorthGRIP site compared to GRIP data are related to similar processes [MassonDelmotte et al., 2005a [MassonDelmotte et al., , 2005b .
Comparison With Observational Data
[57] In a first attempt to relate the model results to observational data, the simulated d 18 O is compared to stable isotope data from the Alphabet ice cores (see section 2.4). For three selected winters, it is examined how the absolute values and the NAO variability of the modeled isotope ratios compare with the winter season ice core data.
[ 1964/1964 and 1968/1969) .
[59] The simulated precipitation-weighted d
18
O variability agrees both qualitatively (more depletion during NAO+ winters) and quantitatively (mean modeled Dd
O is 4.0% versus observed 2.76%) with observations ( Table 1 ). The larger variability in the model results is consistent with the expected smoothing of isotope values due to firn diffusion. The correspondence between modeled and observed variability indicates that the factors which influence the NAO variability of the isotopic composition of precipitation are indeed captured by the model calculations. In section 5.2 it is attempted to disentangle the roles of the various factors on the isotope NAO variability.
[60] For all three winters the simulated absolute d 18 O values are however substantially less depleted ($13-14%) than the observations (Table 1) . Hence for this site at least, isotopic fractionation is considerably underestimated when MCIM is applied with diagnosed fractionation conditions and water vapor initialized from isotope GCM data. The possible reasons for this offset are discussed in section 5.1.
[61] Currently, no dD data are available from the Alphabet cores, hence no direct comparison between modeled and observed dD and d excess can be performed. Hoffmann et al. [1998a] found winter mean values for dD of À290% (values ranging from À315% to À275%) in a high-resolution ice core section from GRIP, spanning the years 1970 -1980. This translates into a similar lack of depletion in our results for the dD ($110%) as for the d 18 O.
[62] In a study based on data from the GISP2 core (72.6°N, 38.5°W), Barlow et al. [1993] investigated the dependency of winter dD (defined by the dD minimum) and d excess with extreme values of the NAO. For an ice core section spanning the years 1840-1970, d excess was on average 9.4 ± 1.6 for NAO+ and 8.7 ± 2.0 for NAOÀ winters, in agreement with expectations for warmer moisture sources during NAOÀ winters. The d excess values from the MCIM model are only about half as large, even though in the initial conditions d excess was around 9% (Figure 4e) . From the MCIM results we find some indication for similar NAO variability with about 1% larger values during the positive NAO phase in the region of GISP2 (Figure 7c, right) . However, the annual maxima and minima of d excess in Greenland ice cores are in Northern Hemisphere fall and spring [White et al., 1988; Johnsen et al., 1989] . Hence, a more in-depth comparison of modeled and observed d excess should include these seasons, or even cover a full seasonal cycle.
[63] For the d excess at GRIP, Hoffmann et al. [1998a] found a winter mean of 5% (values ranging between 2 -10%), which corresponds reasonably to the d excess at the central plateau found here ($3%, Figure 7c ). Along a transect of shallow ice cores crossing the ice divide along $47°W, 69.5°N to 28°W, 72.5°N, winter mean d excess for a site just east of the ice divide [Fischer et al., 1995, site T47] ranged between $2-11%. Interestingly, annual averages of d excess where distributed rather uniformly along the transect at about 12.7% with a seasonal amplitude of 4%. While we do not report annual mean values here, our results suggest that winter variability of d excess with the NAO would be largest (and reversed) along a Greenland transect at $77°N (Figure 7c ).
Discussion
[64] In the following, two aspects of this study are discussed in more detail: (1) the reasons for the offset in stable isotope values calculated with the MCIM model in comparison to observations and (2) the factors which contribute to the simulated NAO variability of the stable isotope signal.
Offset Between Modeled and Observed Isotopic Levels
[65] The substantially underestimated depletion of the simulated isotopic composition could be due to a number of uncertainties, which are discussed below.
Uncertainties of the Moisture Source Diagnostic
[66] One possible source of uncertainties are the initial isotope values extracted from the ECHAM4 simulations. Both the ECHAM4 simulation and ERA-40 rely on observational monthly mean SST data. Since the isotopic composition in the lowest model layer is in close correspondence with the SST (not shown), it is unlikely that systematic biases were introduced here. This may however be less clear for kinetic effects during evaporation, which more strongly depend on day-to-day atmospheric conditions, such as surface winds and relative humidity [Gat et al., 2003] .
[67] The initial isotopic composition of the water vapor relies on the evaporation parameterizations in ECHAM4. In a sensitivity experiment where MCIM was run with initial isotope values derived from the global closure of Merlivat and Jouzel [1979] , on average $8% less depleted values were found for d
18 O than with the GCM initialization [Sodemann, 2006] . The NAO variability calculated with the global closure initialization however was in a similar range as with the GCM initialization. This argues for the isotope GCM initial conditions being at least closer to reality than the global closure equation. Direct measurements of the isotopic composition of the water vapor at the moisture sources would be required to rigidly verify the initial isotopic composition.
[68] In comparison with previous studies, we diagnose relatively cool moisture source temperatures (average values 5 -10°C compared to 15-20°C [Jouzel and Koster, 1996] or 22-26°C [Johnsen et al., 1989] ). It should be emphasized again that previous studies often considered annual mean moisture source conditions, while we focus on the winter season only. Support for moisture sources during winter north of $35°N (i.e., in regions with relatively cold Mean and standard deviation of model results were calculated from 9 grid points and weighted by the respective precipitation amounts from the ERA-40 reanalysis. N/A designates months which were not included in the model calculations.
SSTs) is also provided from considering meridional cross sections of mean isentropes in the North Atlantic during winter (not shown). Further support for the northerly latitudes of the moisture sources diagnosed here is provided by NAO phase mean conditions along trajectories (Figure 10 ). During the last 7 days before arrival in Greenland, substantial differences are present in the mean air parcel latitude between the NAO+ and NAOÀ months. While the variability is large, southernmost locations are typically reached about 2 -3 days before arrival (Figure 10a ). The mean moisture content of the air parcels however increases after this most southerly excursion (Figure 10b ). This is consistent with on average warming air masses as they descend to levels of higher pressure (lower altitude) (Figures 10c and 10d) , which increases the probability for moisture uptake in the marine boundary layer. Thus, Figure 10 illustrates that air parcels leading to precipitation over Greenland do not simply transport moisture from their southernmost latitude to Greenland, but that significant amounts of moisture are picked up during their poleward journey. Within the framework of the ERA-40 data set, the identified moisture source locations are consistent with the physics of evaporation, and it appears unlikely that our method for moisture source attribution contains a substantial artificial bias toward too local moisture sources. In the future, a direct comparison to an Eulerian moisture tracking method could further confirm that this is the case.
[69] The initial condensation locations are one of the more uncertain aspects of the diagnosed moisture transport parameters. The current definition as the first occurrence of saturation along a trajectory after the last identified moisture source location could shift the condensation regions too close to Greenland (since a trajectory might be associated with several uptakes, see SSW08). This would then lead to a too late onset of isotopic fractionation, and a systematic underestimation of isotopic distillation.
[70] Figure 9 gives some indication of the sensitivity of the simulated isotope ratios to the condensation temperatures. Curve C is the same as curve B, except for a 6.8 K colder condensation onset temperature. The shift in initial condensation temperature leads to 8% weaker depletion in d
18 O and 1.2% lower d excess due to the shorter distillation path. Note also that the fractionation is considerably different than for A at the same temperatures, as the fractionation proceeds along a different adiabat. This illustrates the potentially large sensitivity of the calculation results to initial condensation temperature. A definite answer on the sensitivity to this parameter can however only be expected from fractionation calculations that exactly follow the fractionation conditions along diagnosed trajectories.
[71] The arrival temperatures of moisture above Greenland diagnosed from the ERA-40 data are unlikely to show a large systematic offset. To explain 10% of the isotopic offset would require a midtropospheric warm bias of $8 K. Atmospheric temperatures over Greenland in the ERA-40 reanalysis are constrained by several radiosonde stations distributed along the coast of Greenland. Assimilation of these data should lead to reasonable agreement between observed and modeled midtropospheric temperatures, even in such a generally data-sparse region. A quantitative check would however require the comparison of radiosonde profiles from the Greenland ice sheet with ERA-40 data.
Uncertainties in the Comparison With Observations
[72] One principal limitation in the comparison of our model results with observations concerns the lack of isotope measurements during snowfall events in Greenland. Some uncertainty is also introduced from assigning isotope values from ice cores to a specific season, since no mass balance monitoring or direct precipitation isotope measurements are in place on the Greenland ice sheet. Postdepositional effects such as wind erosion and isotopic diffusion in the firn layers add further uncertainty.
[73] In Antarctica, clear-sky precipitation contributes up to 50% of the annual accumulation, and can be associated with very low isotope ratios [Ekaykin et al., 2002 [Ekaykin et al., , 2004 Masson-Delmotte et al., 2008] . For Greenland, no estimate for the contribution of clear-sky precipitation to total precipitation is available from the literature. It is therefore currently not possible to asses whether potentially highly depleted diamond dust contributes in sufficient amounts to accumulation in some parts of Greenland, and hence contributes to the lower than modeled isotope ratios.
[74] The Greenland orography affects the lifting of air masses as they are advected onto the ice sheet. Steeper slopes and higher altitudes in the real orography compared to the ERA-40 model may lead to stronger isotopic fractionation [Smith et al., 2005] . The quantitative impact of this effect is unknown, but could possibly be large. In the vicinity of the Alphabet site, an orographic isotope gradient of 0.6%/100 m is observed. However, with an altitude difference of only about $100 m between the ERA-40 orography and the real world at the Alphabet sites, less than 1% depletion for d
18
O can be explained by this direct orographic effect.
[75] Small-scale topographic influences are also apparent within the Alphabet ice core array. Ice cores to the east of the ice divide are on average $1.5% more depleted than ice cores further to the west, where accumulation is also considerably larger [Clausen et al., 1988] . Fischer et al. [1995] attributed a similar east-west difference around Crête partially to gradual orographic distillation of air masses advected from the west, but also to different moisture sources on both sides of the ice divide. On the basis of the between-core variance, such small-scale effects could explain 1 -2% of the lack of isotopic depletion.
[76] The various influences of orographic effects suggest that the site chosen for this initial comparison might not be ideal. Lower-altitude sites that are less affected by rain shadowing and that receive more precipitation, for instance in southern Greenland, could be better suited for future seasonal comparisons. To a certain degree, however, orographic effects are likely to be important at all (Greenland) ice core sites.
Uncertainties in the Isotope Distillation Modeling
[77] An important factor which could lead to a lack of isotopic depletion in the MCIM results is the distillation trajectory. The air parcel trajectories diagnosed from reanalysis data can include several cycles of condensation. They also could prevail at different temperature ranges than the idealized p -T trajectory used in MCIM (Figure 1) . The diagnosed mean air parcel temperature and pressure conditions in Figure 10 however confirm that the fractionation parameters diagnosed from the trajectories and supplied to MCIM agree well with the simple weighted mean. On average, air parcels reach their highest pressure 1 -2 days before arrival over the ice sheet (Figure 10d ). This coincides also with the warmest temperatures and highest moisture content during the last 7 days of the moisture transport (Figures 10b and 10c) . Thereafter, air parcels cool rapidly and decrease in specific humidity as they are dynamically and orographically lifted onto the ice sheet. These mean characteristics are remarkably similar to the MCIM distillation trajectories which correspond to the diagnosed moisture transport parameters. Individual air parcels can however show markedly stronger cooling rates than the mean, and than the linear path in MCIM. This may have strong influences on microphysical processes in the clouds, in particular with respect to supersaturation [Schmidt et al., 2005] .
[78] By calculating the fractionation separately for each uptake event, we treat a potentially nonlinear process as linear. While this seems valid as a first approximation, the full transport and fractionation history of an air mass could be considered better by running MCIM as a box model along diagnosed distillation trajectories. Such an approach has recently been introduced by Helsen et al. [2004] . In their Lagrangian approach based on the MCIM model and reanalysis trajectories, both for the whole of Antarctica [Helsen et al., 2007] and for single sites [Helsen et al., 2004 [Helsen et al., , 2005 , simulated levels of isotopic depletion are in good absolute correspondence with data near the coasts, but underestimate total depletion in the Antarctic interior. Their calculations however rely heavily on atmospheric monthly mean isotope data from isotope GCMs throughout the moisture transport process. While we only extract the initial isotopic composition of the evaporating moisture from isotope GCM data, their method performs ''isotopic recharge'' [Kavanaugh and Cuffey, 2003] every time moisture increase is detected in an air parcel. It therefore appears that the approach of Helsen et al. [2004] currently takes an intermediate position between isotope GCMs and fully Lagrangian isotope box model calculations.
[79] Isotopic recharge relates to the problem of mixing, which is currently not addressed in our methodology. Here, about $20% of the water vapor enters air parcels at locations above the boundary layer, and another $14% of the moisture originates from unknown sources (SSW08). Depleted water vapor from the free troposphere could reduce simulated isotopic values as it is mixed into rising air parcels. From linear mixing with highly depleted ambient vapor (e.g., d
18 O of À40 to À50% for winter storm clouds in the middle troposphere [Smith, 1992] ), about 50-80% of mixing would be required to reach 13% more depleted d
18
O values. This simple estimate clearly exceeds the amount of moisture without attributed sources according to the methodology of SSW08. Nevertheless, mixing should be considered as a potentially important process which lowers isotope levels in a Lagrangian framework. In future studies, Lagrangian particle dispersion models could be applied to address the problem of mixing due to turbulence and convection.
[80] Originally, MCIM was designed to simulate realistic isotope levels for Antarctic conditions [Ciais and Jouzel, 1994] . Arrival cloud temperatures were estimated from an empirical relationship between the annual mean surface temperature and the temperature above the inversion (equation (A1)). If this empirical relation is used to calculate the cloud arrival temperature from the mean 2 m air temperature during NAO+ and NAOÀ winters, between 5 K to 8 K colder moisture arrival temperatures result than diagnosed from the ERA-40 data. If run with such markedly colder (but, for Greenland, unrealistic) cloud arrival temperatures, MCIM simulates 6 -10% more depleted d 18 O in precipitation. Hence, the difference between the estimated and diagnosed cloud arrival temperatures explains a large share of the isotopic offset in the model results compared to previous studies.
[81] It seems that the original MCIM model implicitly accounted for mixing and other processes by the cooler than diagnosed cloud arrival temperatures. It can only be speculated here which process could lead to the high depletion of the Greenland precipitation observed in nature. For example, lifting of the air masses as they approach the orographic barrier of the Greenland plateau leads to large cooling rates during the orographically forced ascent. This could cause intense fractionation over a relatively short horizontal distance, and thereby lead to strong gradients in the isotopic composition of the surface precipitation, which cannot be captured by our model approach. Furthermore, ice crystals with very low isotope ratios from aloft could deplete underlying air masses because of reevaporation and cloud seeding. There clearly is a need for improved Lagrangian Rayleigh-type models with detailed microphysical parameterizations and the consideration of mixing processes. At the same time, detailed isotope measurements of both, water vapor and precipitation, at high latitudes are highly needed. Such information would also help to better constrain the parameterization of isotopic fractionation in isotope GCMs.
[82] In the context of this work, the most important point of this discussion is that none of the above factors seems to be systematically affected by the NAO. Therefore, despite the strong lack of isotopic depletion in absolute numbers, it remains possible to attempt a meaningful interpretation of the simulated NAO variability of isotopes in Greenland precipitation.
Relative Importance of Fractionation Temperatures
[83] It is now attempted to disentangle how the various factors contribute to the modeled (and assumedly also the observed) NAO variability of the water isotopes, in particular d
18 O. The Greenland mean changes of moisture source SST, T cnd , T arr , and T dif with the NAO are compared qualitatively to the change in modeled isotopic composition (Table 2 ). Temperature differences D T and isotope differences D d between the two NAO phases are used as indicators that are defined such that positive (negative) values denote less (more) isotopic depletion during NAO+ than during NAOÀ. Note that all mean values are significantly different (two-sided Student's t test at the a = 5% level).
[84] Cooler Greenland mean moisture source SSTs during NAO+ compared to NAOÀ months coincide with more depleted initial isotope values (Table 2 ). Colder average T cnd and T arr during NAO+ months signify that fractionation takes place at a lower temperature range, which leads to stronger depletion. T dif in contrast is smaller during NAO+ months, probably because of a shorter transport distance in the NAO+ phase. This provides a smaller temperature range for fractionation than for NAOÀ months. In brief, the NAO variability of Greenland isotopes is caused by more depletion due to cooler sources and a cooler temperature range during NAO+ than during NAOÀ months. The slightly smaller T dif during NAO+ months reduces the larger depletion potential, but only to a minor extent.
[85] Since the initial isotopic composition of the water vapor at the moisture source is known, a tentative quantification of the source and transport influences can be accomplished. SST differences of 5.0 K are associated with a change of 1.7% in the initial conditions of d 18 O. Considering the modeled average D d over Greenland of 3.8%, this implies that the combined transport effects contribute another 2.1% to the variability. Accordingly, the simulated NAO variability of dD and d
18
O in Greenland precipitation is a combined signal, with roughly equal contributions from moisture source and air temperature changes. The NAO variability is hence enhanced, compared to atmospheric temperature changes or moisture source changes only.
[86] Different regions of Greenland experience various degrees of moisture source variability with the NAO (SSW08). Hence, regional differences of the isotopic NAO variability can be composed of varying moisture source and air temperature changes. A particular interesting region in this respect is the north of the Greenland ice sheet. Data from the new ice core drilling project NEEM and toward the east of NorthGRIP would be particularly suitable to test our results. For a fully independent assessment, it would in addition be very important to gather atmospheric stable water isotope data from evaporation sites in the North Atlantic.
Summary and Conclusions
[87] We applied a new Lagrangian moisture source diagnostic to study the interannual variability of the isotopic composition of winter precipitation over the Greenland ice sheet. The atmospheric conditions relevant for isotopic distillation, which water vapor experiences during transport to Greenland, vary strongly with the NAO. The temperature range during which fractionation takes place is shifted to cooler conditions during NAO+ months compared to NAOÀ months. The SST of the moisture sources changes strongly, because of the shifted location of the moisture sources. Along with warmer SSTs during NAOÀ than NAO+ months, the evaporating moisture becomes initially less depleted of stable isotopes.
[88] On the basis of the diagnosed moisture transport conditions, the stable water isotopes dD and d
18 O in Greenland precipitation were simulated with a Rayleightype isotope fractionation model. An initial comparison with seasonal stable isotope data from an array of ice cores in central Greenland showed that modeled isotope levels were systematically too high. The difference between observed and simulated levels of isotopic depletion are largely caused by the fact that cloud arrival temperatures which were previously estimated from an empirical relation are considerably colder than what we diagnose from the ERA-40 data during precipitation events. This finding emphasizes that earlier assumptions relating cloud condensation temperatures to surface temperatures are invalid on a subseasonal timescale. It also suggests that the submonthly frequency of precipitation events is crucial for determining which air temperatures are actually reflected in the stable isotope signal. The intermittency of precipitation, and its seasonality, together with detailed mass balance studies, should therefore be a part of future efforts to understand the current seasonality of the isotopic composition of Greenland precipitation.
[89] In contrast to the absolute values, the interannual variability of simulated isotope levels in precipitation in central Greenland agreed well with observations. The variability of precipitation dD and d
18 O with the NAO can be understood as a combined effect of source region changes and changes in atmospheric fractionation temperatures, with about equal contributions. The joint variability in moisture sources and atmospheric temperatures amplifies the interannual variability of the stable isotopes, compared to impacts from only one of the factors. It is speculated that this enhancement of the interannual variability due to atmospheric circulation changes could also be relevant for understanding rapid changes recorded in Greenland ice cores during past climates.
[90] Because of the high spatial resolution, our results are useful for interpreting differences in the interannual variability between ice cores from different locations on the Greenland ice sheet, as well as for the selection of new ice core drilling sites. The findings of this study suggest that areas particularly suitable for NAO reconstructions from stable isotopes in ice cores are located south of 65°N and in the central eastern Greenland plateau. In these areas, (model) precipitation occurs during both NAO+ and NAOÀ winters, facilitating the extraction of seasonal isotope data from firn and ice cores, while at the same time modeled isotopic NAO variability is high. These areas are not necessarily identical with those most suitable for NAO reconstructions from accumulation records.
[91] For the secondary isotopic parameter d excess, we found no evidence for a direct role of the moisture source SST in the interannual variability during winter. This finding is however limited by the many uncertainties surrounding the parameter d excess, both with respect to observational data and model parameterizations. One test for the current understanding of isotope physics would be a comparison with data along a west-east transect in central Greenland to validate if the d excess NAO variability indeed reverses from east to west. Clearly, additional spatial coverage of stable isotope measurements of dD and d
18
O at the moisture source areas and of Greenland precipitation is required to validate and to refine both current isotope GCMs and Lagrangian isotope models. Stable water isotopes could thus be used more effectively to constrain the realism of the modeled hydrological cycle.
[98] 4. Calculate the adjusted relative humidify at the surface RH a corresponding to the water vapor pressure at the surface e 0 * using equation (A2 
